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Structural alloys for Generation-IV nuclear reactors need to endure a high neutron
dose, high temperature, and corrosive coolant. Austenitic stainless steels, particularly the
oxide-dispersion-strengthened (ODS) austenitic steels, are promising candidate materials,
but they suffer several limits such as irradiation damage and stress corrosion cracking
(SCC). This research applies a laser shock peening (LSP) process to improve the
radiation and SCC resistance of austenitic stainless steels in simulated nuclear reactor
environments. A high density dislocation networks, stacking faults and twin boundaries
were generated in the surface region of 304 steels by the shock wave-material
interactions in the LSP process. In-situ TEM irradiation experiments suggest that laserpeened 304 steels suffer less radiation damage than the untreated samples because the
generated dislocation networks and twin boundaries serve as sinks for the annihilation of
irradiation defects. Stress corrosion cracking tests show that transgranular cracks
propagate in the untreated 304 steels, while no apparent cracks were observed in laser
peened 304 steel samples on the same conditions.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Motivation
Generation IV nuclear reactors are one of the most promising power sources for the
energy crisis in the upcoming decades. The safe, efficient and long-term operational life
of this new generation nuclear plant brings about a higher demand of the structural
materials, which include the enduring of higher neutron doses, higher operation
temperatures and extremely corrosive coolants. One of the currently used structural
materials in the light water reactors and pressurized water reactors are austenitic stainless
steels. The greatest problems that limit their operational life are the long-term radiation
damage and stress corrosion cracking.
To address the above problems, one possible solution is to develop new material.
Oxide-dispersion-strengthened (ODS) alloys are one of the promising candidate materials.
By introducing the dispersed oxide nanoparticles (< 10nm) in the alloy matrix, excellent
radiation tolerance and high temperature creep resistance can be obtained. However,
ODS austenitic alloys are also susceptible to stress corrosion cracking in primary and
supercritical water environments.
One potential solution is the laser shock peening (LSP). Studies found that many
metallic materials exhibit enhanced mechanical properties including toughness, tensile
strength and hardness after subjected to LSP. In order to obtain deeper insights of its
mechanism and the LSP effect, laser shock peening process was performed on both 304
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and 304 ODS stainless steels followed by microstructural characterization, in-situ
irradiation transmission electron microscopy and stress corrosion cracking test.

1.2 Austenitic Stainless Steels and Oxide-Dispersion-Strengthened Steels
Austenitic stainless steels are the most common types of stainless steels. The austenite
phase is face-center cubic (FCC) structure which leads to the high toughness, ductility
and formability of the austenitic stainless steels. Typical compositions of austenitic
stainless steels include chromium and nickel. The addition of chromium can increase the
strength and most importantly, increase the resistance against corrosion of the steels and
the addition of nickel serves the function of stabilizing the austenite phase of the steel.
One weakness of austenitic stainless steels is their low strength compared to other types
of steels, but they can be easily strengthened by cold-working such as rolling, drawing,
bending or shearing. Another weakness is their susceptibility to stress corrosion cracking
(SCC). Since many of the structural steels are used in a stress and corrosive environment,
this SCC problem can greatly lower their operational life and increase the cost [1].
In contrast to the traditional stainless steels, oxide-dispersion-strengthened (ODS)
steels, especially the ODS austenitic stainless steels are among the most promising
structural materials. One application of ODS austenitic stainless steels is as structural
materials for the Generation IV nuclear power plants. ODS austenitic stainless steels are
known to exhibit excellent mechanical properties such as high strength, long fatigue life,
low creep at high temperature etc. and the extraordinary high resistance against radiation
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damage. These exceptional properties of ODS austenitic steels originate from the nanosize oxide particles. Yttrium oxide and yttrium-titanium oxide are commonly used to
prepare ODS steels because of its high strength and high thermal stability and Figure 1.1
shows the morphology of Y2O3 nano-size particles distributed in the ODS 316 stainless
steels. The principle is that the uniform distributed nano-size oxide particles can serve as
obstacles against dislocation motion. With that, a higher stress is needed in order to
produce plastic deformation. In the meantime, since these particles are thermally stable, a
high temperature creep resistance can be obtained. In addition, introducing these nanosize oxide particles can generate interfaces between the particles and the base material –
these interfaces can serve as sinks for radiation defects [2-4].

(b)

25 nm

Figure 1.1 Morphology of the nano-size oxide particles in the austenitic steel matrix.
(a) is the Y2O3 in 316 ODS steel. (b) is the Y2Ti2O7 in 304 ODS steel [3,4]
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1.3 Laser Shock Peening
1.3.1 Principle of Laser Shock Processing
Laser shock peening, also known as laser shock processing was first discovered in
early 1960s and now is developed as a novel cold-working method for surface
modification [5-7]. Prior to the discovery and development of laser shock processing,
shot peening is the dominating surface modification method to induce compressive
residual stress and to improve mechanical properties by cold-working. The limitations of
shot peening process are obvious, including its instability of the peening energy, low
affected depth and rough surface finish. As a result, when laser shock processing was first
found with the advantages of stable energy and well surface finish, it kindled the interest
of many scientists. Subsequent researches successfully improved the energy intensity,
depth of affected zone as well as many other aspects of this technique and made it
possible to induce residual compressive stress and plastic deformation of the material
while maintaining a smooth surface finish [8-14].
The Q-switched laser pulse with the yttrium aluminum garnet (YAG) crystal lasing
rod is commonly used for research purpose because of its low cost, high efficiency and
reliability. Compared with other sources, the Q-switched source has the characteristics of
high energy intensity and short duration time, which are advantageous for producing
shock waves. The mechanism of shock wave generation and propagation have been
studied and can be simplified in Figure 1.1[3] below: it started as the laser pulse hits the
material, because of the high energy intensity of the laser source, material will vaporize

5

and form a plasma on its top. A plasma consists of high temperature gas with large
numbers of electron charges. Depending on the relative number of positive ions versus
negative charges, a plasma can be positively, negatively charged and neural. In the case
of laser shock peening, the plasma is composed by high temperature vaporized gas with
an equal number of positive ions and negative electrons. As a result, this generated
plasma can expand by continuously absorbing the laser energy and embracing the
vaporized material. A pressure as high as several hundred GPa can thus be exerted on the
surface of the material and produce a stress field. In this way, the absorbed laser energy
converts into mechanical energy and can finally transport to the material in the form of
shock waves. When the shock wave accumulates to a point that the stress field produced
by it exceeds the yield strength of the material, plastic deformation occurs. In the
meantime, as shock wave can propagate to the interior of the sample, plastic deformation
can take place several millimeter depth from the surface.
Note Figure.1 that there is a sacrificial coating and a transparent overlay on top of
the sample. Both of them are designed to enhance intensity of the shock wave and
facilitate its propagation. The function of the sacrificial layer is to protect the material
from melting and ablation which are disadvantageous to the formation of plasma as well
as the surface finish. Two common types of sacrificial coatings are metallic coating and
organic coating. The former one uses metal with high melting point and excellent heat
conductivity such as aluminum, zinc and copper. The latter one is proved to have higher
thermal absorption and be beneficial to the smooth surface finish. The transparent overlay
works as a confinement of the plasma region from the over-expanding. In other words,
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this overlay keeps a high concentration of plasma and ensures enough amount of laser
energy be transported to the material and generates shock wave. In practice, flowing
water is used as the overlay in most of the laser processing system [15].
During the operation of laser shock processing, the following parameters have
significant impacts to the peening effect and need to be adjusted in accordance to
different material systems: spot size, laser energy, duration time, overlap rate, wavelength
of the laser beam and beam profile.
Spot size is the diameter of the laser beam, which relates to energy density of the
laser beam and can range from less than 1mm to as large as 5 mm. P. Pevre el at. along
with a finite element analysis discovered the affected depth of the plastic deformation
increased by 20% when the spot size increased from 0.5mm to 4mm [16,17] . D. Kan and
Y. Lin also found that residual stress generated by laser processing increase from 300
MPa to 400 MPa by increasing the spot size from 1 mm to 4 mm [17]. As for the Qswitch Nd:YAG laser source, however, the maximum spot size can only be 1 mm.
Duration time refers to the intervals between each laser pulse, which can be several
nanosecond to one hundred nanosecond. The typical duration time of the Q-swtich:YAG
system is less than 10ns. Overlap rate is an important factor when performing multiple
times laser shock peening. Since it is difficult and time consuming to manipulate the laser
beam to arrive at the same location for multiple times peening, overlap rate is introduced
to describe how much percentage of the peening area overlaps with the previous one.
Common overlap rates are 50%, 75% and 90%. In most cases, with the increase of
overlap rates, the laser peening effect increases until a saturation point is reached.
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1.3.2 Laser Shock Processing Effect on Inducing Compressive Residual Stress
One effect of the laser shock processing is the introduction of compressive residual
stress, which is perpendicular to the direction of the propagating shock wave. Many
studies have been carried out to determine the laser shock processing generated residual
stresses both on the surface and along the depth of the sample. The most commonly used
technique for residual stress measurement is called sin2ψ X-ray diffraction method.
Advantages of this method include: non-destructive, large depth penetration of X-ray
(about 10 micron) as well as controlled area or local region. The principle of this
measurement is the induced stress (compressive or tensile) will change the spacing of the
crystal plane or d-spacing of the material and this will generate an angle ψ between the
sample surface normal and lattice plane normal as shown in Figure 1.2 below. This angle
ψ along with the Bragg angle 2Ө are related to the stress value б by the following
equation:
𝐸

𝜋

∆(2𝜗)

∆(2𝜃)

σ = − 2(1+𝑣) ∙ 𝑐𝑜𝑡𝜃0 ∙ 180 ∙ ∆(𝑠𝑖𝑛2 𝜑) = 𝐾 ∙ ∆(𝑠𝑖𝑛2 𝜑)

Eqn. 1

where E is the Young’s modulus, ѵ is the Poisson’s ratio, Ө0 is the Bragg angle of the
material free of stress. By irradiating the sample with varied ψ angle X-ray, different
Bragg angle 2Ө will be generated and the slope of linear curve plot with 2Ө versus sin2ψ
multiple by the stress constant can yield to the stress value of the sample. The peak shift
profile and the linear relationship of 2Ө versus sin2ψ is shown in Figure 1.3 below [17].
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Figure 1.2 A simplified principle of the laser shock peening processing [3]

Figure 1.3(a) Effect of compressive stress on the spacing between crystal planes [17]

Figure 1.3 (b) Generation of psi angle due to residual stress [17]
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Figure 1.4 (a) Shift of Bragg angle because of the psi angle. (b) The linear
relationship of Bragg’s angle and sinodual psi square function [14]

There have been many experimental measurements on different laser peened alloys
showing that residual compressive stress maximizes on the surface and gradually decays
along the depth direction, which can be as large as over 1 mm. Figure 1.4 below shows a
stress-depth profile of the AISI 304 stainless steel before and after laser shock peening as
an example[18]. There are many factors that can influence the induced compressive
residual stress including protective layers, laser beam parameters, peening times etc.

Figure 1.5 Comparison of the stress profile for the untreated and laser-peened AISI
304 steel [18].
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The protective layers (coating), both the transparent overlay and the sacrificial layer
serve the function of preventing the ablation and melting of the material so that laser
energy can efficient generate shock wave and induce compressive residual stress. There
have been studies carried out to compare laser shock peening effect on samples with and
without protective layers. It was found that laser peened samples without any coating
exhibited a very small amount of compressive stress, some of which even exhibited
tensile residual stress [19,20] while samples with protective layers coated prior to the
peening process exhibit large compressive stress. Further experiments show non-coating
laser peened samples have very rough surface finish, which is a sign of ablation and will
result in a high susceptibility to corrosion cracking and low fatigue life. The influence of
laser beam parameters is mainly based on the fact that the laser generated shock wave is
directly related to the power density of the laser beam. Consequently, the peening times
matter significantly as in theory, the more peening processing have the sample went
through, the larger plastic deformation and more shock wave will accumulate in the
interior of the sample until saturation point is reached. Both experiment and simulation
by finite element analysis demonstrate that multiple laser shots can introduce larger
amount of compressive stress on surface as well as in depth[17,22]. For example, a three
pulse laser peening of the 7075 aluminum alloy can lead to a largest 340 MPa
compressive on the surface compared with a 240 MPa stress induced by two-time
peening and a 170 MPa stress induced by one-time peening.[23] In the meantime, a threetime laser peening of 0.55% carbon steel shows a largest affected depth of 1.8 mm,
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compared with a 1.4 mm affected depth for a two-time peening sample and a 0.9 mm
affected depth of a one-time peening sample.[24]

1.3.3 Laser Shock Peening Effect on Mechanical Properties
Another significant effect of laser shock processing is its improvement of mechanical
properties of material especially in fatigue life, toughness and hardness. Explanations for
these enhancements mainly focus on the induced compressive stress both on surface and
in depth and the microstructural evolution especially the generation of defects and grain
refinement phenomenon.
There have been studies in many types of metallic material including steels, titanium
alloys and aluminum alloys on the growth of their pre-existing crack under cyclic
working showing that after subjected to single or multiple laser shock peening, samples
exhibit a greater resistance against crack initiation and a slower crack growth rate [25-27].
For example, Figure 1.6 below compares the fatigue behavior of the 7075-T7351
aluminum with laser shock peening, shock peening and without any surface treatment
[28]. It shows the sample can endure the largest numbers of work cycle after laser
peening while sample without any surface treatment has the shortest fatigue life. The
reason it that both crack initiation and crack growth requires tensile stress, by inducing
compress residual stress, they can serve as a barrier against this fatigue behavior and thus
increase the fatigue life and fatigue strength. Note Figure 1.5 also shows that shot
peening is able to produce similar effect but less profound as laser shot peening does.
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This accounts for the fact that shot peening leads to a very rough surface finish – the
uneven pits are favorable sites for crack initiation and development. As a result, the effect
of induced compress stress was attenuated.

Figure 1.6 Comparison of fatigue behavior for 2024-T3 aluminum alloy samples
subjected to no treatment, shot-peening and laser peened [28].

Some of the researchers perform hardness tests on laser shock peened metals including
aluminum alloys and different grades of steels. They found that the increase of hardness
is highly related to the peening times, laser parameters and the microstructure of the
original materials. For instance, A.Clauer el at. discovered the hardness of 304 stainless
steel displays a large increase from 250 Khm to 430 Khm, which is about two times with
the increasing number of peening times, as Figure 1.7 shows[29]. In contrast, G. Banas el
at. performed laser shock peening on two types of aluminum alloys and their hardness
increase only around 10%, Figure 1.8[30]. The most possible reason for this difference in
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hardness is due to different microstructural evolution. As for aluminum alloys, laser
shock peening can generate simple two-dimensional defects, of which dislocation is the
most common type. For steel samples, however, in addition to dislocations and stacking
faults, recent reports from J.Z Lu found that laser shock peening can lead to grain
refinement on ANSI 304 stainless and AISI 8620 steels [31,32]. They also proposed a
grain refinement mechanism of ANSI 304 steel which is achieved by generating
mechanical twin boundaries along different directions and the intersection of those twin
boundaries subdivide a large grain from originally micron level into small grains ranging
from 50 nm to 200 nm grain size. The mechanism can be simplified as Figure 1.9[32].
Laser shock peening was also carried out on ceramic materials. A recent study on
Si3N4 shows that laser peening can increase its bending strength despite producing large
surface roughness [33]. Further X-ray diffraction experiment confirms this enhancement
is due to the introducing of plastic strain and compressive residual stress.
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Figure 1.7 Comparison of the laser shock peening effect and flyer plate shock effect
for the 2024-T351 aluminum alloy in terms of the dependence of average surface
hardness on peak shock pressure[29].

Figure 1.8 Comparison of laser shock peening and shock peening effect on Vickers
Hardness for A356-T6 and 7075-T351 aluminum alloys [30]

15

Figure 1.9 Schematic illustration on the microstructural evolution of the surface
layer of ANSI 304 stainless steel subjected to multiple laser shock peening [32].
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1.4 Radiation Damage
1.4.1 Influencing factors in radiation damage
Currently, 304 stainless steels along with other types of austenitic stainless steels are
commonly used as cladding materials in nuclear power plant. However, the duration or
the life expectancy of these austenitic stainless steels is highly limited due to the damage
caused by neutron irradiation. There have been many studies on radiation damage on
austenitic stainless steel and three common types of radiation defects were found: point
defects (vacancy and interstitial), microscopic defects(faulted dislocation loops, cavities,
radiation-induced segregation) and macroscopic changes (void swelling and
embrittlement) depending on different irradiation conditions.
Generally speaking, radiance damage in austenitic steels relates to many factors
including temperature, radiation dose, types of irradiation ions and transmutant gas. To
quantify the radiation dose, dpa or displacement per atom was defined – dpa is the
number of times that an atom is displaced under a given radiation fluence. Therefore, a
material subjected to 0.1 dpa radiation damage means 10% of the atoms have been
displaced from their lattice sites.
Temperature effect on radiance damage is phenomenal. As for austenitic stainless steel
three temperature regime can be categorized. The low temperature regime ranges from 50℃
to 300 ℃, common radiation defects in austenitic steel include point defect clusters and
dislocation loops. The mobility of these defects is limited and the density of dislocation
loops will increase with the increasing temperature as displayed in Figure 1.10. The

17

microscopic defects including radiation-induced segregation, cavities are generally not
observed until the material reaches the intermediate temperature regime from 300℃ to
700℃. In the intermediate regime, the point defect cluster and dislocation loop become
thermally unstable, their density were observed to decrease rapidly with the increasing
temperature, as shown in Figure 1.10. In the high temperature regime (T>700℃ for
austenitic steel), all the radiation-induce defect clusters are highly mobile and thermally
unstable – Dislocation loops, voids are generally annealed or annihilated. Exception is the
helium (He) bubble and the He embrittlement effect where He atoms can migrate to grain
boundaries with the assist of stress and cause the embrittlement [33-44].
In contrast to temperature, the dose effect on radiation damage appears much more
straightforward – the larger irradiation dose (longer irradiation time), more severe the
radiance damage will occur. Here, more severe damage refers to the increase of defect
density. It should be also noted that migration and thermal stability of radiation defects,
point defect clusters and dislocation loop in particular, can be affected by dose effect. For
example, at very high irradiation dose, annealing of vacancy clusters which are supposed
to take place in the high temperature regime, can occur at intermediate temperature [38].
In the meantime, the type of irradiation ion can also make significant difference. For
example, S.J. Zinkle [39] reported that helium irradiation produced a higher density of
cavities (i.e. severer radiation damage) than hydrogen irradiation in the same irradiation
condition for many types of metals and ceramics. Other studies in heavy ion irradiation
(Kr+, alpha-iron, Ni7+, Ag9+ etc.) indicate faster and more drastic damage will occur than
the light ion irradiation given the same temperature and total dose [46-48].
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Figure 1.10 Temperature effect on faulted dislocation loop density of different types
of austenitic stainless steel under neutron irradiation [38].

1.4.2 Enhancement of Radiation Resistance
There have been many approaches proposed and tested to enhance the radiation
resistance in the past five decades. Generally speaking, they can be divided into two
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categories: developing inherently high radiation tolerant materials and introducing stable
high-strength sinks [38,48].
Among the great varieties of newly developed materials, oxide-dispersionstrengthened (ODS) alloys are one of the most promising structural materials for the new
generation nuclear power plant. They are known as material with excellent mechanical
properties (high strength, creep resistance at high temperature) and radiation resistance,
which all originate from introducing the nano-sized oxide particles. For example, nanosized yttrium oxide can act strong obstacles to slow down or hinder the dislocation
motion, thus increasing the stress threshold for plastic deformation. In the meantime,
these oxide particles are highly stable at high temperature (T can be as high as1627K),
they can prevent the diffusion of atoms along grain boundaries, thus resisting the creep
behavior. Finally, oxide particles can also act as sinks to absorb defects generated by
irradiation, which gives ODS alloys a high radiation tolerance. Many studies on ODS
alloys have confirms the existence of large numbers of oxide particles with a size
approximately or less than 10 nm, which are evenly distributed in the alloy matrix by
transmission electron microscopy (TEM) as well as atomic probe tomography (APT) [4953].
Another approach to increase radiation resistance is by introducing high-strength-sinks.
This approach was first proposed by modeling based on kinetic rate theory. These models
predicted that by introducing high-strength sinks, for example high density dislocation or
highly dispersed nano size precipitates, both point defects and large scale defects such as
void swelling and radiation induced segregation would greatly alleviate[55-59]. While
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the boundary between a high and a low strength sink is not clear and depends on different
materials, the sink strength can be quantified based on the sink types. For instance, sink
strength of cavities Sc can be determined using the following equation:
𝑆𝑐 = 4𝜋𝑟𝑐 𝑁𝑐 (1 + 𝑆 1/2 𝑟𝐶 )𝑍𝑐

Eqn. 2

where S is the cumulative sink strength, Zc is a constant of unity, rc is the radius and Nc is
the density. Because grain boundaries and dislocations do not have radius, their sink
strength can be simplified as:
Sgb=60/d2

Eqn. 3

where d is the diameter for the grain and
Sd = Zd×ρd

Eqn. 4

where ρd is the dislocation density[31]. In the case of ferritic steels, sink strength needs
to reach over 1016/m2 in order to effectively resist radiation damage. Studies have shown
that at low temperature regime (T<0.3Tm), radiation hardening of ferritic steels will not
alleviate when sink strength less than 1016/m2. This is the same for the He embrittlement
which occurs as at the high temperature regime. Yet, once sink strength increased to over
1016/m2, radiation hardening and He embrittlement were clearly suppressed as it is
observed the radiation produced point defects and radiation generated He atoms are
effectively captured by these sinks. This phenomenon was summarized by S,J. Zinkle and
displayed in Figure 1.11 below[35]. Some of the grain boundaries can act as high strength
sinks and thus, increasing the number of grain boundaries by refining grain size is
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another way to introduce high strength sinks. C.Sun el at. applied equal channel angular
pressing technique and successfully prepared a ultrafine grain 304L stainless steel whose
an average grain size around 100 nm. They performed Fe ion irradiation on the ultrafine
grain 304L stainless steel at intermediate temperature and found the swelling resistance
has increased by almost one magnitude [54].

Figure 1.11 Effect of sink strength on alleviating radiation-induce hardening at
different radiation dose and temperature conditions [31].
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1.5 Stress Corrosion Cracking in Austenitic Stainless Steels
1.5.1 Influence Factors in Stress Corrosion Cracking
Stress corrosion cracking (SCC) is a type of environment-induce-cracking that
commonly takes place in pipeline steels, austenitic steels, aluminum alloys, brass etc. and
can cause severe damage or even failure of those materials. There are two main types of
SCC in terms of their propagation morphology in grain structure: intergranular stress
corrosion cracking (IGSCC) and transgranular stress corrosion cracking (TGSCC). For
IGSCC, crack prefers to grow and propagate along grain boundary because grain
boundaries become the most vulnerable sites due to the element segregation or chromium
depletion. As for TGSCC, crack will propagate across the grain. The propagation
direction of TGSCC is usually not random but along the crystal planes with low indices
such as {100}, {110} and {210}. Figure 1.12 below shows a typical IGSCC in carbon
steel and TGSCC in brass [60, 61]. In general, the occurrence of SCC requires the
following three conditions simultaneously: tensile stress, corrosive environment and
susceptible microstructure. Figure 1.13 below is a schematic demonstration about the
required conditions for SCC [62].
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Figure 1.12 Cross-section SEM images of metallic material suffers from stress
corrosion cracking: (a) TGSCC in brass. (b) IGSCC in carbon steel [60,61]

Figure 1.13 Prerequisites for stress corrosion cracking: tensile stress, susceptible
microstructure and corrosion environment simultaneously [62]

Tensile stress can be either residual or applied, but it is generally a static stress with a
relatively low threshold compared with other types of cracking. Although it depends on
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different material system and environment, in many cases, a tensile stress in a range of
100 MPa to 200 MPa is sufficient to produce SCC.
The corrosive environment also depends on material type, temperature and pH value.
For a specific material, the electrochemical potential is of great importance to the
occurrence of SCC. Figure 1.13 shows the anodic polarization curve with two zones
where passive films can be easily broken, making the material susceptible to SCC. In
zone 1, the potential is close to the pitting potential, making pitting corrosion easy to
occur and once pits are formed, passive films can be broken, which makes the material
vulnerable to SCC. The austenitic stainless steel in the hot MgCl2 solution is an example
for zone 1-SCC. In zone 2, although the potential is far lower than pitting potential, it just
passes through the transition from active region to passive region. As a result, the passive
film in zone 1 is unstable and is easy to be ruptured. In theory, the increase of acid
concentration (decrease of pH value) and temperature will narrow the passive region and
make corrosion easier to take place. In practice, however, the situation is much more
complicated as the pH value is not an independent factor, instead it correlates the
existence of other polluted ions and the corrosion mechanism of a specific material
system. For example, the effect of pH value is particularly significant in SCC of pipeline
steels. Here, high pH value environment usually refers to the bicarbonate (HCO3-) or
carbonate-bicarbonate solutions (CO32- +HCO3-), whose pH value is around 9.0. The high
pH value environment along with tensile stress can cause IGSCC in pipeline steels. In the
meantime, low pH value environment usually refers to a dilute aqueous solution with a
pH value around 6.5. The crack morphology in this case is usually transgranular with a
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large lateral width [63-66]. The involvement of chloride ion is also important or in many
cases detrimental to almost all the material regarding to corrosion. Seawater is one typical
source for chloride or chloride ions which can come from salt such as sodium chloride,
magnesium chloride, calcium chloride etc. The effect of chlorides is that it can reduce the
potential range for passive region and make the passive film unstable [58]. Consequently,
corrosion can easily take place with the presence of chloride and once a material is
subjected to corrosion damage such as pits, breakdown of the passive films, crack can be
easily initiated.

Figure 1.13 Anodic polarization curve showing two zones susceptible to SCC [58].
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A susceptible microstructure means a crystal structure where SCC can easily initiate
and propagate. It depends on the composition, sensitization temperature, orientation of
the stress etc. For instance, austenite or FCC structure is one common of SCC susceptible
structure in stainless steel while ferrite or steel with BCC structure has a relatively high
SCC resistance compared with austenite. All those variations mentioned above relate to
the SCC mechanisms, which will be introduced below.
To describe the SCC process, one method is to determine the relationship of crack
growth rate as a function of stress intensity factor. SCC crack growth rate is denoted as
dN/da, which can be determined from the relationship of curve length and time. Stress
intensity factor K is defined in fracture mechanics to describe the stress state of a crack
tip. There are three modes of cracking loading, as shown in Figure 1.14 and SCC satisfies
mode I (KI). In addition, the expression of KI depends on the system and stress state – in
this experiment, we use the model ‘Edge crack in a plate under uniaxial stress’ shown in
Figure 1.15 and the KI is given by the following equation:
𝑎
𝑏
𝑎
𝑎
2√𝜋 (1− )3/2
𝑏
𝑏

𝐾𝐼 = 𝜎√𝜋𝑎[

1+3

]

Eqn. 5

where all the geometrical parameters a, b are shown in Figure 1.16, б is applied stress or
stress at the crack tip. The theoretical relationship of crack growth rate and KI is
displayed in Figure 1.16 [63] and the SCC crack growth can be divided into three stages
accordingly. Stage I is where the crack initiates and starts to propagate, its growth rate
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increase exponentially. When SCC comes to stage II, a steady state is reached – crack
will grow in a constant rate with the increasing stress intensity factor and but when it
enters stage III, crack will grow in an exponential rate until the material fails [64].

Figure 1.14 Three cracking mode in fracture mechanics. In Mode I, crack is
generated by tensile load. In Mode II crack is generated by in-plane shear and for
Mode III also known as tearing mode, crack surface will move in an opposite
direction. Image is in courtesy of ‘D.P Rooke and D.J. Cartwright’, Compendium of
stress intensity factors [63].

Figure 1.15 ‘Edge crack in a plate under uniaxial stress model’ for determining KI,
where a is the crack length, b is the material length, h is the width [63].
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Figure 1.16 Theoretical curve of crack growth rate as a function of stress intensity
factor KI [64].

1.4.2 Proposed Mechanism for Stress Corrosion Cracking
There have been many studies in modeling and experiments trying to explain the
mechanism of SCC. Thanks to their work, there are more than six SCC mechanism
proposed [62], three of which will be reviewed in this part, including the film rupture
model, hydrogen-induced SCC and film-induced cleavage.
The film rupture model is a classic model. It states that crack is firstly initiated
because the accumulated strain produced by the tensile stress ruptured the protective
passive film on the surface. After that, crack will grow by anodic dissolution in which the
electrochemical reaction occurs and the material will dissolve in the anode. With cracks
propagate, the material will eventually fail in a relatively short amount of time. The
process of film rupture can be schematic shown in Figure 1.17. Further research on SCC
experiments confirm that crack initiation is by breaking down of the protective film,
however, debates are in the mechanisms on crack propagation[64]. For film rupture
model, electrochemical process is proposed to be the dominant way for crack propagation.
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Another SCC mechanism that has been widely studied and discussed is the hydrogeninduced SCC (HISCC). The principle of HISCC is that hydrogen atoms can diffuse to the
interior of the material and contaminate the material either by weakening the atomic
bonds or by the formation of hydrides. This contamination can facilitate the crack
initiation or crack growth, i.e. embrittle the material. The extent of embrittlement is
highly related to hydrogen concentration. There is a study on low-alloy steel showing that
the crack growth rate rises with the increase of hydrogen concentration and it is around
two magnitudes higher than the growth rate without hydrogen contamination, as Figure
1.18 shows. Because hydrogen has a preferential diffusion path to grain boundary and
interface, HISCC is generally intergranular [64]. In other words, the HISCC proposed
that crack propagation is governed by hydrogen embrittlement.
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Figure 1.17 Illustration of the film rupture model. SCC starts from (a) where gliding
of slip planes occur along the depth direction and makes the unfilm material
exposed to the corrosion as (b) shows. With the stress corrosion takes place, the
passive film will be broken as (c) shows. In this case, repassivation may occur and a
passive film can be formed again, shown in (d). However, because of the stress or
strain, gliding of the slip planes can occur again (e) and crack will propagate as (f)
shows [64].
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Figure 1.18 The effect of hydrogen contamination and hydrogen concentration on
growth rate of SCC in a low alloy steel [64].

Film-induced cleavage (FIC) is of significance for SCC in stainless steels. It proposes
that crack propagation is mainly because of a high concentration of stress or strain in the
crack tip. In other words, the FIC model emphasizes that cracks grow in a mechanical
process and thus, a relatively rough and brittle fracture surface is resulted. The
morphology of the cracks grow with this mechanism are transgranular cracks in most
cases.
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CHAPTER 2: EXPERIMENTAL METHODS

2.1 Sample Preparation and Laser Shock Peening Treatment
The composition of as-received bulk steel samples (304 stainless steel and 304 ODS
steel) is listed in Table 1. The samples were first cut by a diamond saw into 10 mm ×8
mm × 2 mm rectangular solids. Then their surface was mechanically polishing with
silicon carbide grinding paper in a roughness range from #240 to #1200, followed by
polishing with alumina power in an order of 3 µm, 1 µm and 0.3 µm. After ultrasonic
cleaning with acetone and ethanol, laser shock peening was carried out. The utilized laser
source is known as Q-switched Nd:YAG. The pulse energy was 850 mJ and the duration
time was 7 ns. Prior to LSP, the samples were coated with a 177 micron thick black tapes
on the surface as sacrificial layers to avoid ablation and flowing water was used as
confining layer. All the steel samples would undergo the same LSP process five times,
with a 50% overlap of the area and for each time of LSP, the black tape was replaced.
The detailed parameters of the LSP process are listed in Table 2 and the basic equipment
as well as the simplified LSP process can be displayed in Figure 2.1 and Figure 2.2
respectively.
Table.1: Composition of Austenitic Stainless Steels
304 stainless steel:
Composition
Percent (wt%)

Fe
Bal.

Cr
18.3

Ni
8.5

Mn
1.38

Si
0.06

P
0.03

C
0.04
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304 ODS steel:
Composition
Percent (wt%)

Fe
Bal.

Cr
18.2

Ni
8.2

Mn
1.20

Si
0.06

Ti
0.7

Table 2: Laser Shock Peening Parameters
Type
Spot Size (mm)
Pulse energy (mJ)
Duration time (ns)
Overlap
Repetition-rate (Hz)
Laser wavelength (nm)
Beam profile
Laser Pulse

Value
1
850
7
50%
10
1064
Gaussian
5

Figure 2.1: In the courtesy of Dr. Dawei Li in Prof. Yongfeng Lu’s group.

Y2O3
0.35
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Figure 2.2: In the courtesy of Dr. Dawei Li in Prof. Yongfeng Lu’s group

2.2 Microstructure Characterization of the LSP samples
After the steel samples were laser peened, the grain structure of the cross-section of
the laser-peened samples was studied by SEM. The cross-sectional areas were obtained
by cutting the LSP sample with a diamond saw, followed by mechanical polishing and
ultrasonic cleaning. In order to clearly observe the grain structure, chemical etching was
carried out prior to the SEM imaging. The etching solution for 304 stainless steels are
3:2:2 volume ratio of HCl:HNO3:acetic acid plus several drops of glycerin and etching
solution for 304 ODS steels are 2:1:7 volume ratio of HF:HNO3: H2O. For comparison,
the cross-sections of the untreated samples were also etched and observed by SEM.
To obtain a deeper insight in LSP effect on microstructure of the austenitic steel, TEM
characterization was used. To prepare the TEM samples, the LSP steels were firstly
thinned to less than 200 micron by mechanical polishing and punched into 3-mm
diameter discs followed by further polished to a thickness less than 100 micron. Final
thinning was achieved by twin-jet-polishing. Twin-jet-polishing, also called electropolishing is a thinning method based on chemical corrosion. According to Faraday’s law:
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r=

𝑖0 𝑎
𝑛𝐹

Eqn. 7

where a and n are constant for a specific system and F is the Faraday’s constant. From
Eqn. 7, the material remove rate r is proportional to the current density i0. Figure 2.3
shows the ideal current density curve from the instructional manual of Struers Inc[67]. As
is shown, in the segment AB, the sample will undergo etching due to the direct anodic
dissolution, which will ends up uneven and coarse surface finish, making the sample
unable to be observed in TEM. Segment CD is the best area for making a good TEM
sample as the current density remains constant, i.e. the material is removed in a constant
rate, which can produce an even and thin finish. After that (in segment DE), the sample
will be subjected to oxidation, which will eventually lead to the formation of pits and
oxide layer. As a result, the two key steps of twin-jet-polish is to obtain a calibration
curve similar as Figure 2.3 shows [67] and to select an appropriate voltage/current
density to ensure the material remove rate in a moderate and constant speed. For 304
stainless steels, one of the most commonly used electrolytes is 5% perchloric acid + 95%
methanol at -20℃. A calibration curve with a wide CD segment can be obtained, from
13.5V to 17.0V. In this experiment, a voltage of 14.5V was chosen. After final thinning
by twin-jet-polishing, the steel samples could have their thickness decreased to less than
100 nm and became electron transparent.
To quantitatively analyze the LSP effect on the microstructures of the austenitic steel
samples, the twin density and the dislocation density were calculated. From the crosssectional SEM images of the LSP and the untreated samples, the twin density was
determined by the number of twin boundaries in a specific region divided by the area of
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that region. Then an average value was obtained by analyzing all the data from over thirty
different regions. Similarly, the average dislocation density was determined for LSP and
untreated samples using the same statistical method except that TEM images instead of
SEM images were used.

Figure 2.3 In the courtesy of the Struer Company: Calibration curve of the twin-jetpolishing, described by the voltage as a function of current density [67]

2.3 In-situ irradiation TEM experiment for LSP and untreated samples
To investigate the behavior of the LSP steel samples under irradiation, in-situ TEM
irradiation experiments were carried out by the intermediate voltage electron microscope
(IVEM) equipped with an accelerator at the Argonne National Lab. The TEM samples
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were firstly observed by TEM to identify regions with large amount of defects such as
high density dislocations or dislocation walls, twin boundaries and stacking faults. To
obtain a good resolution with high contrast of above defects in TEM, high diffraction
contrast is needed. Diffraction contrast is a form of amplitude contrast in TEM which is
based on the scattering of crystal lattice at Bragg’s angle. Since austenitic stainless steels
are crystalline materials and their crystal structure are face-center cubic, there are many
diffracted beams generated along with one incident beam. Here, we achieved a high
diffraction contrast by enabling the two-beam condition: when the sample was tilted
certain angle to a condition where that only the incident beam and one strong diffracted
beam past through, two-beam condition is achieved. By blocking the other diffracted
beams and thus minimizing the their interference, two beam condition gives a very high
contrast and consequently, many two-dimensional defects including dislocations, twins,
stacking faults as well as point defect clusters can be observed in TEM.
The irradiation condition was carefully selected to simulate the nuclear power plant
environment and to investigate the LSP effect on the radiation induced point defects. The
voltage used for irradiation was 1 MeV and the dose started from 0 to 1.33 dpa. Two
temperature conditions were used: room temperature and 300℃. According to the
Chapter 1 and S.J Zinkle’s report [38], stainless steel is in the low temperature regime at
room temperature and at 300℃. Therefore, most radiation defects will be dislocation
loops.
To observe the behavior of dislocation loops with increasing dose and at different
temperature, dark field imaging is needed. Bright field and dark field are two basic TEM
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modes for amplitude-contrast imaging. The principle is shown in Figure 2.5[68]:
Basically, bright field is generated by moving the objective aperture to let incident beam
form the image while dark field is to let the diffracted beam form the image. As a result,
bright field imaging gives a very high magnitude illumination, but the low contrast limits
its ability to observe the small scale radiation defects. Dark field imaging on the other
hand, gives a very high contrast and enables the observation of dislocation loop or other
point defect clusters produced by irradiation.
To quantify the accumulation of radiation damage in the austenitic steel samples, loop
density as a function of dose was determined. The term ‘loop’ in this case refers to all
defects caused by radiation at low temperature regime, including vacancy clusters,
interstitial clusters and dislocation loop. There are two general expressions of loop
density: the number of loops per unit area or the number of loops per unit volume. In this
experiment, thickness of the TEM samples can be ignored and thus, loop density is
determined as the total number of loops divided by the total area of the region. In the
measurement of total number of loops, sometimes it is difficult to identify or confirm a
specific loop because of the low illumination in dark field imaging. In that case, all these
loops are counted as one half, as suggested by Z. Yao el at[69]. Meanwhile, to
minimizing the error, an average loop density was determined using a similar statistical
method as the determination of the dislocation density and twin density. The error bars in
all those calculation are the standard deviation.
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Figure 2.4 IVEM (with an accelerator) for the in-situ irradiation TEM experiment
at the Argonne National Lab.

Figure 2.5 Schematic illustration of the bright-field and dark-field mode in TEM
imaging [68]
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2.4 Stress Corrosion Cracking Tests for LSP and untreated samples
The untreated and LSP austenitic steels samples were subjected to a SCC environment
with applied tensile stress in order to study the LSP effect on the SCC of the austenitic
steels. The equipment for stress corrosion cracking test is called Proof Ring System from
Cortest. The setup is shown in Figure 2.5. Precision machining is needed for the
preparation of the SCC samples and they were carried out in the machine shop at the
Nebraska Center for Material and Nanoscience at University of Nebraska Lincoln. The
dimension of SCC sample is displayed below in Figure 2.6. The test area is the central
part of the sample with a length of 1.015±0.15 inches and the LSP was performed on this
part. After subjected to LSP, the steel samples were put into the vessel and immersed into
the solution. Temperature control can be achieved by connecting the system to a
temperature monitor provided by Cortest. The key point of this test is to apply a constant
tensile stress. To achieve that, a constant load is required, which is generated by
producing displacement of the ring. By tightening the screw on top of the ring and
measuring ring deflection with a venial caliper, the applied load can be determined with
the aid of the calibration curve shown in Figure 2.7 below. The measurement process can
be simplified by the following equations[70]:
Displacement d = initial ring distance Di – final ring distance D

Eqn. 8

d = 8.409𝐸 −13 ∗ 𝑙𝑜𝑎𝑑 3 + 1.2161𝐸 −9 ∗ 𝑙𝑜𝑎𝑑 2 + 9.6628𝐸 −4 ∗ 𝑙𝑜𝑎𝑑 − 1.092𝐸 02 Eqn. 9
Tensile Stress б = Applied load / Sample Area

Eqn. 10
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After SCC test, the samples were put in the FEI Helios 660 FIB/SEM facility, which can
accommodate the whole SCC sample and achieve surface and cross-section imaging. The
cross-section of the SCC sample was obtained by cutting out the test part and machined
along the depth direction, followed by chemical etching. To compare the LSP effect, this
SCC test was performed on untreated and LSP of 304 stainless steels. Their crosssectional grain structure after subjected to SCC was presented as SEM images.
To quantitatively describe the SCC behavior of our steel samples, the crack growth
rate as a function of stress intensity factor was obtained. Similar SCC samples were used.
However, for each of the SCC sample, a 1mm depth notch was machined at the center
prior to the test. The notched samples have an advantage of a shorter crack initiation time.
Because of the notch, the applied stress will concentrate on the notch site and cracks
would initiate and propagate along it. After a crack was initiated, the time was recorded
and the SCC sample was put into the Helios 660 to measure the crack length in SEM
mode. Then the sample was moved back into the proof ring system to have its crack
grown. The sample would be taken out again for every 2.5 hours to measure its crack
length until the sample failed. As a result, a curve of crack length as a function of test
time can be obtained. From this curve, the crack growth rate can be obtained as the slope
and with the ‘Edge Crack in a Finite Plane under Uniaxial Loads’ model, the stress
intensity factor can be determined. Finally, the crack growth rate as a function of stress
intensity factor was obtained.
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Figure 2.5: A schematic overview of the proof ring system for SCC test [70]

Figure 2.6: Dimension of the SCC specimen for the proof ring test system [70]
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Figure 2.7: Calibration curve: a relationship between the displacement of proof ring
and the applied load [70].
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Observation of cross-sectional grain structure by SEM
The cross-section morphologies of the 304 steel samples before and after five pulses
LSP are shown in Figure 3.1. As the laser peening effect is profound in the near surface
region and decreases along the depth direction, SEM characterization was focused on
regions close to the surface (depth is less than 1 mm). As shown in Figure 3.1 (a), after
five pulses LSP, larger numbers of deformation twins appear in the grains of the steel
samples, some of which are arranged in a same direction as those in region A, while
others appear at different directions and intercept with each other, as those in region B.
The discovery of twin boundary interception is of great significance to the grain
refinement process according to J.Z. Lu’s report [71].The deformation twin density of the
near-surface cross-section region is determined as (1.98±0.36)×1010 m-2. However, the
density of deformation twins start to decline at a depth of 0.3 mm and when it goes as
deeply as 1 mm from the surface, no such defects are observed. This indicates that LSP
effect and induced plastic strains are minimal in the substrate. In contrast, the 304 steel
samples without LSP have nearly no deformation twins inside the grains at any depth, as
shown in Figure 3.1(b) and their grain structure appear exactly as the grains in the
substrate of the LSP samples. Therefore, the twin density of region in Figure 3.1 (b) can
be approximated as zero. The comparison of the cross-sectional grain structure shows
that the LSP treatments can generate mechanical twins in 304 stainless steels.
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Figure 3.1 SEM images of the cross-sectional grain structure of 304 stainless steel
samples subjected to: (a) 5 LSP; (b) untreated.

3.2 Observation of the surface microstructure after LSP by TEM
TEM images of the surface of the 304 steel samples after subjected to five pulses LSP
are shown in Figure 3.2. The following microstructural features are identified: twin
boundaries (TB), stacking faults (SFs), dislocation lines (DLs) and dislocation walls.
Figure 3.2(a-b) shows the bright field and dark field images of the twin boundaries (TBs).
The beam direction is [112] and g is (-1 -1 1). As it shows, all of the four twins are
aligned along the same direction and there are dislocation lines inside the twin boundaries.
The width of the TBs ranges from 33 nm to 200 nm. Figure 3.2(c-d) shows the bright
field and dark field images of the high density SF region. The beam direction is [101] and
g is (0 -2 0). It can be seen that large numbers of SFs were generated. There are also two
TBs identified in this region. Figure. 3.2(e-f) shows the region with high density
dislocations. The beam direction is [112] and g is (-1 -1 1). A large numbers of
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dislocation lines and dislocation walls can be identified in that region. The average
dislocation density is determined as (9.63±1.24)×1013 m-2.

Figure 3.2 TEM images of 304 sample surface subjected to 5 LSP: (a) bright field
image of the twin boundaries; (b) dark field image of the twin boundaries; (c) bright
field image of the high density SFs region; (d) dark field image of the high density
SFs region; (e) bright field image of the high density DLs and dislocation walls
region; (f) dark field image of the high density DLs and dislocation walls region.

The TEM observation of the surface of the untreated sample was also performed. For
comparison, regions with TBs and DLs are shown in Fig 3.3 (a) and Fig 3.3(b)
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respectively. In Fig 3.3(a), the beam direction is [101] and g is (0 -2 0). The twin width is
around 500 nm and the number of TBs as well as DLs are fewer than the peening sample.
This TB along with a few other TBs in the untreated samples are most likely generated
during preparation when the samples were subjected to the hot isostatic pressing.
Although all the steel samples were annealed immediately after received, some of the
TBs might remain. However, compared with the LSP samples, the number of TBs in the
untreated samples is much fewer. In Fig 3.3(b), the beam direction is [112] and g vector
is (2 -2 0). It can be seen the number of DLs is fewer than the peening surface and there
is no dislocation walls found. The average dislocation density is determined as
(6.53±0.85)×1012 m-2 which is approximately an order of magnitude less than the
dislocation density of the peening surface. As a result, it shows that by inducing severe
plastic deformation in the form of shock waves, multiple LSP processes can not only
increase the number of TBs, but can also increase the dislocation density of the 304
stainless steel.
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Figure 3.3 TEM images of 304 surface layer without peening effect: (a) bright field
image of the twin boundaries; (b) bright field image of the DLs.

3.3 Loop density analysis at the high density dislocation region
Irradiation with heavy ion (Kr+) on the 304 steel samples in the low temperature
regime will give rise to dislocation loops, which appear as white dots in the dark field
TEM mode and are considered as the dominant irradiation defect in this temperature
regime. Note that at room temperature (r.t) and 300℃, interstitials are expected to
dominate over vacancies. Prior to irradiation, regions with the following microstructural
features were chosen: SFs, TBs and DLs with dislocation walls. When the irradiation
process began, videos were recorded in those regions and the loop density at different
dose condition can be obtained. Similar analysis was carried out for samples heated to
300℃, videos were also recorded in the annealing process.
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Fig 3.4 shows the process of loop absorption by DLs. In Figure 3.4(a), the image can
be considered at 0s when one dislocation loop moved to the DL. Then Figure 3.4(b) can
be considered 6s later when the first loop was gradually absorbed and a second loop
appeared. Figure 3.4(c) was 25s later when the first loop disappeared while the second
loop became weaker. Finally, Figure 3.4(d) was taken 101s later when the second loop
was completely adsorbed by the DL and disappeared, indicating DL’s ability to act as
sink as well. In fact, the high density dislocation has been confirmed as one of the
effective high strength sinks for radiation defects [72, 73]. The effectiveness can be
quantified as the sink strength of dislocation or Sd given by Eqn 4.
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Figure 3.4 (a-d) TEM images of the 5 LSP samples in DLs and DW region in the
irradiation process: (a) can be considered as 0s; (b) 6s later (c) 25s later (d) 101s
later

DLs regions of the LSP 304 steel samples subjected to 0.33 dpa (1.13×1018 ions/ m-2)
and 1.0 dpa (2.25*1018 ions/ m-2) radiation dose were shown in Figure 3.5(a-b). For
comparison, a region of the untreated sample with no LSP generated defects was also
chosen for irradiation and the images were shown in Figure 3.5 (c-d). From those TEM
images, the loop density as a function of dose for the untreated 304 steel and the LSP 304
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steels can be determined and displayed in Figure 3.6. It can be seen that with the increase
of dose, radiation damage becomes more severe and the loop density increases. However,
the 5 LSP steel shows a much less radiation damage than the untreated steel sample. The
loop density of 5 LSP steel is approximately one magnitude less than the untreated one.
The high density dislocations generated during LSP are believed to play an important
role in the difference in loop density. According to Eqn.4, the sink strength of dislocation
is proportional to its density for the same material. The 5 LSP sample is thus estimated to
have a 𝑆𝑑 around (9.63±1.24)×1013 m-2, approximately one order of magnitude larger
than that of the untreated sample whose 𝑆𝑑 is (6.53±0.85)×1012 m-2 (as Zd is unity).
Therefore, the high density dislocations produced by the laser shock processing raised the
radiation tolerance of the 304 stainless steel.
Figure 3.6 also displays a relationship of loop density vs. dose for the 5 LSP sample
irradiated at 300℃. As it shows, the loop density of the 5 LSP sample after annealing is
approximately 0.1 order of magnitude higher than those at room temperature (r.t) but it is
still greatly less than the loop densities of the untreated sample. The slight increase of
dislocation loop in the 5 LSP sample can be attributed to the temperature effect in two
aspects. Firstly, increasing temperature can promote the displacement of atoms thus
slightly increase the loop density, which is consistent as the pervious discovery by
S.J.Zinkle in Figure 1.10. Secondly, the LSP generated dislocations became mobile upon
annealing in a range (from 298K to 573K) below one third of the 304 sample’s melting
temperature (1723K). The video of the annealing process demonstrates this phenomenon.
The velocity of dislocation motion is given by the following equation:
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𝑉𝑑𝑖𝑠 = 𝑓(𝜎)exp(−𝐸/𝑘𝑇)

Eqn.11

where 𝑓(𝜎) is a function of stress, E is the activation energy and T is the absolute
temperature [73]. The increased 𝑉𝑑𝑖𝑠 enables the glide or climb of the DLs and when two
parallel DLs of opposite sign come across, annihilation will take place and this decreases
dislocation density. Figure 3.7 compares the microstructure of the 5 LSP sample in a
region with SFs and DLs before and after annealing at 300℃. There were five SF regions
at r.t. After annealing at 300℃, only two SFs regions remained. Since SFs are formed by
a high energy dislocation separated as two or more partial dislocations in low energy state,
the annihilation of SFs can cause a decline of dislocation density. Given that, the average
dislocation density in this region was (9.14±1.02)×1013 m-2 before annealing, but
decreased to (6.42±0.77)×1013 m-2 after annealing and that contributes to the slight
increase of radiation damage. But overall, the loop density is much less than the untreated
sample.
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Figure 3.5 TEM images of the 5 LSP and the untreated samples subjected to
different radiation dose: (a) the SFs region of the 5 LSP sample subjected to 0.33dpa;
(b) the SFs region of the 5 LSP sample subjected to 1.00dpa; (c) the region without
SFs or TBs of the untreated sample subjected to 0.33 dpa; (d) the region without SFs
or TBs subjected to 1.33 dpa
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Figure 3.6 Comparison of loop density as a function of dose: untreated sample at r.t
is in black rectangles; 5 LSP sample in the dislocation region at r.t is in red circles
and 5 LSP sample in the dislocation region at 300℃ is in blue triangles.

Figure 3.7 TEM images of the 5 LSP sample in the SFs region before and after
annealing: (a) is at r.t; (b) is annealed to 300℃
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3.4 Loop density analysis at twin boundary region
It has been reported that grain boundaries (GBs) can serve as sinks for radiation
defects and that the GB sink efficiency depends on the structure, misorientation, GB
plane orientation, etc. [74,75]. The sink capacity of TB, which is a special type of GB, is
thus worthy of investigation. The process of loop absorption was recorded in the in-situ
irradiation TEM experiment and the features of this process are displayed in Figure 3.8
(a-d). In Figure 3.8(a), a loop emerged and moved to the twin boundary. Then it became
smaller and weaker in illumination as Figure 3.8(b) and Figure 3.8 (c) show. Finally in
Figure 3.9(d) this dislocation loop was completely absorbed by TB and disappeared,
indicating that similar as the high density dislocations, TBs can act as sinks for radiationinduced dislocation loops.

56

Figure 3.8 (a-d) TEM images of the 5 LSP samples in TBs region in the irradiation
process: (a) can be considered as 0s; (b) 10s later then; (c) 19s later; (d) was 25s
later.

A similar loop density analysis of the 5 LSP sample in the TB region at r.t was carried
out and its relationship with radiation dose is shown in Figure 3.9. At r.t, the loop
densities of the 5 LSP sample in the TBs region are far less than the untreated sample. In
addition, they display a trend of saturation at 0.78 dpa (1.75*1018 ions/ m-2), which
indicates the 5 LSP sample exhibits a higher irradiation resistance than the untreated
sample because of the LSP generated TBs.
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In order to investigate the effect of temperature, irradiation was also performed in the
TB regions at 300℃. The corresponding loop density and dose relationship was shown in
Figure 3.9 as well. In the beginning when dose is low, the annealed sample has its loop
densities close to the loop density of the 5 LSP sample at r.t. With the dose increased, the
loop densities slightly exceed the r.t ones. The effect of temperature on the twin boundary
was observed different than the dislocations. As the annealing video shows, the TB is
stable upon annealing at 300 ℃. However, as Figure 3.8 shows, there are certain numbers
of dislocations and DLs inside the TBs. Therefore, annealing at 300 ℃ can cause the
annihilation of these dislocations, which result in the slight increase of loop density in TB
region.

Figure 3.9 Comparison of loop density as a function of dose: untreated sample at r.t
is in black rectangles; 5 LSP sample in twin boundary region at r.t is in red circles
and 5 LSP sample in twin boundary region at 300℃ is in blue triangles.
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3.5 Microstructural evolution of LSP 304 stainless steel in elevated temperature
condition
As discussed above, laser shock processing can induce a high density of dislocations,
stacking faults and twin boundaries in the 304 stainless steel. However, with the sample
annealed to 300℃, microstructural evolution of the LSP sample will take place. As for
dislocations, because of the high mobility and recovery behavior at elevated temperatures,
annihilation and rearrangement of the LSP generated dislocations occurs and
consequently the density of dislocation decreased. The behavior of dislocations in low
temperature annealing can alter the LSP effect depending on the material and
strengthening mechanism. In the case of AISI 8620, which is a ferritic stainless steel
studied by J.Z.Lu et al. about the LSP strengthening and grain refinement mechanism
[76], the effect of dislocation annihilation is expected to result in the release of residual
stress and the increase of the grain size. The reason is that the grain refinement of the
AISI 8620 steels is achieved by formation of dislocation walls. When their laser-peened
samples are annealed at 300℃, some of the LSP generated dislocations as well as the
dislocation walls are expected to be annihilated. As a result, about 20% of the residual
stress will be released. This predication is based on the data from M.R.James [77].
In the case of LSP 304, the microstructural evolution upon annealing will be different
because the grain refinement mechanism is based on the formation and intersection of
mechanical twins (MTs) instead of dislocation walls, as reported by J.Z.Lu et al. [71].
Along with large numbers of dislocations and SFs, MTs are formed after LSP and they
are thermally stable in this temperature regime, as confirmed by Fig.10 and M.Shimada et
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al.’s report [78]. The effect of annealing will thus be related to the interaction between
dislocations and newly-formed TBs. Many of the mechanisms for dislocations-coherent
twin boundary (CBT) interaction have been studied and the application of these
mechanisms is based on different materials and types of dislocations. For austenitic steels,
both screw and non-screw dislocations can be dissociated by TBs into partial dislocations
and when this happens, some of the partial dislocations can pass through or propagate
along the CBT while others are absorbed. [79-83]. In the meantime, P. H. Pumphreya et
al. used hot stage TEM to show that dislocations were annihilated by high angle grain
boundaries at elevated temperature for austenitic stainless steel and the annihilation was
achieved by dissociation of the dislocations into partials [84]. As a result, annealing our
LSP 304 sample to 300℃ would promote the interaction between the newly formed TBs
and the dislocations that lie in the TB region. The dissociation and absorption of
dislocations would eventually contribute to the release of strain energy and the decrease
of dislocation density.
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Figure 3.10 TEM images of the 5 LSP sample in TBs region after 300℃ annealing,
the beam direction is [112] and g vector is (2 -2 0): (a) is the bright field image; (b) is
the dark field image

In both cases (ferritic and austenitic), since the maximum annealing temperature is
only 300℃, no grain growth will take place. Note that due to the limitation of laser
energy (maximum laser peening energy =850mJ), the grain refinement phenomenon is
not significant for the close-peening region. Therefore, the microstructural evolution of
the higher energy LSP sample or that at higher elevated temperature will be interesting
topics for future investigation.

3.6 Comparison of sink strength for twins and dislocations
While both high density dislocations and TBs can act as sinks for radiation defects,
their strength is varied. The concept of sink strength is defined to quantify and compare
the different capacity in defect absorption. As determined above in Chapter 3.3, the sink
strength of dislocation (9.14±1.02)×1013 m-2, which is approximately 1.0×1014 m-2.
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Calculation of the TB sink strength is based on the sink strength of grain boundary for
point defect, which is shown as followed [85]:
𝜃

𝑆𝐺𝐵 = 𝐴 × 𝑠𝑖𝑛 2

Eqn. 13

where 𝜃 is the misfit angle and A is 2Z/bd. b is the magnitude of the Burger’s vector for
edge dislocation, i.e. |𝑏| =

𝑎0
2

√ℎ2 + 𝑘 2 + 𝑙 2 , and Z/d is defined as the number of point

defects extinguished per length of dislocation. From our in-situ irradiation at dislocation
region, it is estimated that for a total length of 10 micron dislocation line, there would be
around 25 point defects absorbed. The value of Z/d is thus estimated as 2.5×106 m-1 . To
determine the misfit angle, the diffraction pattern of the TB was indexed and shown in
Figure 11. From Figure 11, the misfit angle Ө is determined as 70.5 degree. Assuming 𝑎0
equals to the lattice constant of FCC iron (3.65Å), 𝑆𝑇𝐵 =7.44×1015 m-2. Even though the
grain structure of our LSP 304 samples remains coarse, the sink strength of the TBs is
comparable to the grain boundary sink strength of the ultrafine grained 304L stainless
steel [54], which is around 6×1015 m-2. A possible explanation is that the generation of
high density dislocations and most importantly, the high sink strength of incoherent twin
boundaries gives rise to a high capacity to capture radiation-induced point defects.
Comparing the sink strength of the LSP generated dislocations and the sink strength of
the LSP generated dislocations twin boundaries gives the following relationship:
𝑆𝑇𝐵 >𝑆𝑑𝑖𝑠 [86].
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TB
TB
TB

Figure 3.11 Index of the twin boundary diffraction pattern. The beam direction is [1
0 1], g is [-1 -1 1]

3.7 Analysis of the LSP effect on Stress Corrosion Cracking
The untreated 304 stainless and 304 ODS steel samples were subjected to the same
stress corrosion environment. It was found that SCC occurred significantly in the
untreated 304 stainless and 304 ODS steels. The crack growth rate as a function of stress
intensity factor was used to describe the SCC process. To determine this relationship, the
crack length as a function of time was firstly determined. As for the 304 stainless steel,
the crack initiated at 30 hours and grew until the sample failed at 43 hours. The crack
length at every 2.5 hours from 30 to 43 hours was measured by SEM and shown in Figure
3.12. The crack length as a function of time was thus obtained and shown in Figure 3.13
and Figure 3.14. From Figure 3.13, the slope at each point was determined as the crack
growth rate or dN/da. With the crack length and applied stress (constant) known, the
stress intensity factor can be calculated. The crack growth rate as a function of stress
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intensity factor for 304 stainless steel and 304 ODS steel were thus determined and
shown in Figure 3.15. Compared with the theoretical curve in Figure 1.16, both SCC in
304 ODS and 304 stainless exhibit a stage I (exponential growth) and stage II (steady
state growth). The difference is the crack growth rate in 304 ODS steel is slight higher
than 304 stainless steel.

Figure 3.12: Measuring crack length in SEM. Here shows an example of the 304
stainless steel notch sample subjected to SCC at 30 hours and 35 hours. The crack
length is the distance from crack tip A to its end B.
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Figure 3.13 Crack length as a function of time for 304 stainless steels
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Figure 3.14 Crack length as a function of time for 304 ODS steels

Figure 3.15 Crack growth rate as a function of stress intensity factor.
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Optical microscope was used to observe the crack morphology in the cross section of
the 304 stainless steels. As Figure 3.16 shows, the crack was firstly initiated along the
grain boundary but later propagate across the grain at different direction. Most of the
cracks are observed as TGSCC with a small number of IGSCC. This crack morphology is
related to the corrosion environment and the applied stress. In this test, the sample was
subjected to a saturated MgCl2 solution at boiling point (144℃), with around 200 MPa
tensile stress. The applied stress can cause film rupture and break down the protective
passive film. Then the solution provides a ‘low pH value’ (pH = 5) environment by the
following electrochemical reaction:
𝑀𝑔2+ + 2𝐻2 𝑂 → 𝑀𝑔(𝑂𝐻)2 + 2𝐻 +
Under this condition, crack will initiate at the rupture sites and propagate across the grain,
following the film-induced cleavage model as discussed in the SCC mechanism. As a
result, the crack morphology appears as TGSCC, as the model predicts.
However, when the LSP treatment was carried out prior to the SCC test, the LSP
samples were found to be much more resistant against SCC. As Figure 3.17 shows, no
cracks were observed at the cross-section of the laser peened 304 stainless steels after
subjected to the SCC environment for a longer time, 96 hours. Possible reason is that the
LSP process can induce compressive stress to the material, which can resist the applied
tensile stress and protect the passive film from rupture.
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Figure 3.16 Cross-sectional grain morphology of the untreated 304 stainless steel
subjected to 72 hours SCC tests. Transgranular and Intergranular cracks were
observed.

Figure 3.17 Cross-sectional grain morphology of the laser-peened 304 stainless steel
subjected to 96 hours SCC tests. No cracks were observed.
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3.8 Future Work
The in-situ irradiation experiment performed in the 304 ODS steel did not reveal a
radiation process with high enough resolution for the loop density analysis. A future visit
at Argonne National Lab should focus on the irradiation of the laser-peened 304 ODS
steels (dark field TEM mode is recommended for observation of point defect clusters).
Then comparison of radiation damage of 304 ODS and 304 stainless steels with and
without LSP can be achieved.
Laser shock peening with a higher energy laser source is needed in order to induce
grain refinement in the austenitic stainless steels – this is important as grain refinement is
proved to be effective in resisting radiation damage as well as stress corrosion cracking.
If grain refinement can be achieved, a possible grain refinement mechanism can be
proposed.
As for stress corrosion cracking, due to the limited amount of ODS materials, whether
LSP can have the same SCC resistant effect on ODS has not yet been studied. Further
experiments in this part should focus on the investigation of LSP effect on ODS alloy,
especially studying the interaction of LSP generated defects with the nano-sized oxide
particles and how these interactions can affect the behavior under stress corrosion. In the
meantime, it is worthy to determine the crack growth rate as a function of stress intensity
factor for the LSP samples and compare them with the untreated one in order to quantify
the LSP effect.
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CHAPTER 4: CONCLUSIONS
Microstructural evolution of the austenitic stainless steels after laser shock peening
treatment was investigated. With the change of microstructure, the laser peened samples
were further tested by in-situ irradiation TEM and stress corrosion cracking to study the
effect of these LSP induced defects and compressive stress on the materials behavior
under heavy ion radiation damage and stress corrosion. The key conclusions include:
1. LSP was found to generate shock waves and produce severe plastic deformation
into the austenitic steels. By means of TEM, large numbers of LSP generated twin
boundaries (TBs) and dislocation lines (DLs) and stacking faults (SFs) are identified.
2. Irradiation of 304 stainless steel at low temperature regime (< 300 ℃) can generate
high density of dislocation loops which appear as white dots in dark-field TEM mode.
However, when the samples were subjected to laser peening prior to irradiation, the
dislocation loop density was found to decrease as large as one magnitude, which means
less radiation damage. Further investigation of the irradiation process shows that high
density dislocation and twin boundary can serve as high strength sink for radiation
defects. Consequently, LSP process can improve the radiation resistance of austenitic
steel by generating high density dislocations and twin boundaries.
3. Stress corrosion cracking was found to occur significantly in 304 stainless and 304
ODS steels. The crack growth rate and stress intensity factor exhibits a similar
relationship as the theoretical model except the stage III is missing because of the limited
dimension of the material or short last time of stage III. However, when the 304 stainless
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steel sample was subjected to LSP treatment prior to SCC test, no apparent cracks were
observed even in a longer SCC test time. This indicates laser peening can effectively
increase the resistance against stress corrosion in not only crack initiation but also crack
propagation.
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